Background: Grip strength is a noninvasive method of risk stratification; however, the association between changes in strength and mortality is unknown. The purposes of this study were to examine the association between grip strength and mortality among older Mexican Americans and to determine the ability of changes in strength to predict mortality. Methods: Longitudinal data were included from 3,050 participants in the Hispanic Established Population for the Epidemiological Study of the Elderly. Strength was assessed using a hand-held dynamometer and normalized to body mass. Conditional inference tree analyses were used to identify sex-and age-specific weakness thresholds, and the Kaplan-Meier estimator was used to determine survival estimates across various strata. We also evaluated survival with traditional Cox proportional hazard regression for baseline strength, as well as with joint modeling of survival and longitudinal strength change trajectories. Results: Survival estimates were lower among women who were weak at baseline for only 65-to 74-year-olds (11.93 vs 16.69 years). Survival estimates were also lower among men who were weak at baseline for only ≥75-year-olds (5.80 vs 7.39 years). Lower strength at baseline (per 0.1 decrement) was significantly associated with mortality (hazard ratio [HR]: 1.10; 95% confidence interval [CI]: 1.01-1.19) for women only. There was a strong independent, longitudinal association between strength decline and early mortality, such that each 0.10 decrease in strength, within participants over time, resulted in a HR of 1.12 (95% CI: 1.00-1.25) for women and a HR of 1.15 (95% CI: 1.04-1.28) for men. Conclusions: Longitudinal declines in strength are significantly associated with all-cause mortality in older Mexican Americans.
population projected to increase by nearly 115% between 2014 and 2060 in the United States (19) . Therefore, the overall goal of this study was to better understand the interrelationships between grip strength and mortality in a large cohort of older Mexican Americans and to explore the longitudinal link between strength change and survival endpoints. Our hypothesis was that baseline muscle weakness would be strongly associated with earlier mortality, even after adjusting for known predictors such as diabetes and disability. We further hypothesized that longitudinal rate of strength decline would be a greater independent risk factor for all-cause mortality than baseline weakness.
Methods

Design and Sample Population
This study used data from the Hispanic Established Population for the Epidemiological Study of the Elderly (H-EPESE), a longitudinal study of Mexican Americans aged 65 and older, residing in Texas, New Mexico, Colorado, Arizona, and California. The H-EPESE was modeled after the previous EPESE studies in East Boston, New Haven, rural Iowa, and North Carolina (20) . As previously described (21) , the H-EPESE used an area probability sample design developed by listing counties in the Southwestern states to ensure representativeness of the older Mexican American population of those regions. Starting in 1993-1994 (Wave 1), in-home interviews and limited medical assessments were conducted with a response rate of 83%, and the 3,050 baseline Mexican American participants were followed up in waves: (2) 1995-1996 (n = 2,437), (3) 1998-1999 (n = 1,980), (4) 
Exposure Variable
Strength was assessed using a hydraulic handgrip dynamometer (Jamar Hydraulic Dynamometer, model 5030J1; JA Preston, Clifton, NJ), as previously described in detail (22, 23) . Briefly, a trained examiner explained and demonstrated the protocol to the participant, then adjusted the grip size of the dynamometer to the participant's hand size, and asked the participant to squeeze the dynamometer for a practice trial. Thereafter, the participant was assigned to start the test with his/her dominant hand and was asked to squeeze the dynamometer as hard as possible, exhaling while squeezing. Two trials were performed. The grip test was performed in the standing position unless the participant was physically limited. Because there is substantial covariance between strength capacity and body mass, grip strength was normalized as strength per body mass (ie, Grip strength [kg] / Body mass [kg]) and expressed as normalized grip strength (NGS). For each participant, grip strength was adjusted to the respective body mass ascertained during the same wave of testing.
Covariates
Baseline sociodemographic variables potentially related to mortality included age (in years), sex, marital status (not married, married), and number of formal years of education (1 = less than high school graduate, 2 = high school graduate/general educational development or equivalent, and 3 = college graduate or above). The presence of diabetes was determined with a series of questions asking participants whether a doctor had ever told them that they had diabetes. All who responded yes indicated that they had been diagnosed with type 2 diabetes. Presence of a functional disability was determined by individual questions pertaining to difficulty performing specific, everyday tasks. The questions chosen as most relevant for this research involved reporting an inability (ie, answering "no") to perform specific tasks most relevant to mobility and lower extremity functional capacity ["Can you do light housework without help (dishwashing and bed making, etc.)?", "Can you walk up and down stairs to the second floor without help?", "Can you walk half a mile without help?"], or answering "need help" or "unable to do" to the following question: "Do you need help from another person or special equipment or a device for walking across a small room?" Presence of a functional disability was recorded for any individual who had one or more limitations as determined by these questions.
All-cause Mortality
Deaths through December 31, 2011 were ascertained through reports by living relatives and confirmed by a search of the National Death Index and the Social Security Administration's Death Master File. Of the 3,050 participants, 2,178 (71.4%) died over the 18-year follow-up period. Participants who survived were censored at their last interview date. Of the initial cohort, there were 2,026 participants with grip strength data at baseline. Of those 2,026 participants, 1,289 (63.6%) died over the 18-year follow-up, and 257 were lost to follow-up (12.7%). Baseline characteristics and mortality estimates from participants not included in the analyses, due to missing data on grip strength, are provided in Supplementary File 1.
Statistical Analyses
All statistical analyses were conducted using SAS 9.3 (SAS Institute, Cary, NC) and R version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria). Descriptive characteristics are provided as means, standard errors, and percentages. Differences in these baseline characteristics across age categories were tested using two-sample t tests and chi-squared tests for continuous and categorical variables, respectively. A similar strategy was used to test differences for outcomes between men and women across equivalent age categories (ie, 65-74 years and ≥75 years).
Threshold analysis
Conditional inference tree analyses were used to determine risk thresholds of normalized strength in differentiating the overall survival from the initial enrollment time (ie, thresholds which provide the largest separations among Kaplan-Meier curves for select strata). Unlike a recent study in older adults that used classification and regression tree analysis to identify cut points for weakness (2), we chose not to incorporate this method because it tends to overfit. The conditional inference tree method recursively partitions participants into mutually exclusive groups defined by predictor cut points, grouping together participants with similar outcome probabilities (24) . However, in contrast with classification and regression tree analysis, it utilizes a formal statistical framework to evaluate the recursive partitioning, taking into account both the distributional properties of the measures and multiple comparison between groups. This technique is also free of modeling assumptions, which allows for optimal concurrent validity, by identifying those cut points with the strongest association with the outcome. Moreover, it does not require an a priori specified number of cut points, and thus it can provide more than a single threshold to predict the outcome. The analysis was conducted using R software with the party package (24) . To preserve consistency of sample across models, we included only those individuals with complete data for all variables and covariates.
Survival and longitudinal joint modeling
The Kaplan-Meier estimator was used to determine survival estimates and curves across various strata including sex, age category (65-74 years and ≥ 75 years), and weakness status at enrollment. We also evaluated survival with traditional Cox proportional hazard regression for baseline strength as a continuous variable (ie, with units reflecting 0.1 decrements of NGS between participants), adjusted for age, sex, diabetes, disability status, and various sociodemographic variables. As a high NGS is indicative of decreased risk, the inverse of NGS was used in the model. To utilize the longitudinal strength data obtained throughout the study, we used joint modeling of survival and longitudinal nonsurvival data, modeling the trajectory of strength changes through a linear mixed-effect model, and the effects of the time-dependent exposure (strength) on overall survival through an extension of the traditional Cox model as previously described (15, 25) .
The participant hazard function was modeled as:
where M(t) denotes NGS at time t (measured from the enrollment time); X represents baseline covariates including gender, age, diabetes, disability status, and various sociodemographic variables; h 0 denotes the baseline risk function modeled as basis splines with 9 degrees; and parameter γ quantifies the effect of the underlying longitudinal change in the exposure (ie, change in NGS) on the hazard for death. Because M(t) data were observed only at the designed follow-up times, the longitudinal trajectory of M(t) for the ith patient was modeled as basis splines with 5 degrees with participant-specific random effects.
Results
Baseline descriptive data are presented as means, standard errors, and percentages across age categories in Table 1 . In both men and women, prevalence of physical disabilities was significantly higher among those aged 75 and older, and women had higher prevalences than men. Both obesity and diabetes were more prevalent among 65-to 74-year-olds as compared with those among ≥75-year-olds; however, obesity was significantly more prevalent among women across all ages. There were no significant differences in diabetes between men and women at either age category. Across both age categories, men were stronger than women, in terms of both absolute and NGS capacity. For both men and women, grip strength showed a significant stepwise decline among individuals aged 75 and older.
Threshold Analysis
Conditional inference trees predicting mortality confirmed different low strength thresholds for men and women. Figure 1 provides results for the primary definitions. No NGS cutoffs were identified in women aged 75 and older or in men aged 65-74 years. The cutoff identified in men aged 75 and older was based on having NGS less than or equal to 0.37 (ie, grip strength in kg ≤ [0. 37 × body mass in kg]) versus greater than 0.37. Among women aged 65-74 years, the identified NGS cutoff was based on having NGS less than or equal to 0.22 versus greater than 0.22.
Survival Analyses
Of the 2,026 individuals who had a baseline measure of NGS, there were 1,289 deaths (63.6%), 257 were lost to follow-up (12.7%), and a final sample of 2,002 had complete data on the exposure variable (NGS) and all covariates. Figure 2 provides Kaplan-Meier survival curves for men and women across categorical age and NGS strata. 
Joint Modeling of Longitudinal and Survival Data
Longitudinal parameterization of NGS had a significant, timedependent effect on mortality (p < .001). There was a strong longitudinal association between strength decline and early mortality, such that every 0.1 decrease in NGS, within participants over time, resulted in an increased HR of 1.12 (95% CI: 1.00-1.25) for women and a HR of 1.15 (95% CI: 1.04-1.28) for men, after adjusting for baseline age, baseline diabetes status, baseline disability status, marital status, and education. Table 3 shows the fully adjusted, stratified models with all covariates.
Discussion
Our principal finding was that grip strength was significantly associated with all-cause mortality in older Mexican Americans. Although men had earlier mortality than women, Kaplan-Meir estimates for having "weakness" at baseline demonstrated substantially lower survival rates among both younger and older women and a decreased survival only among men who were aged 75 and older. Moreover, Cox regression demonstrated that lower strength at baseline was significantly associated with mortality among women only. More importantly, we have demonstrated for the first time that strength change coefficients from the longitudinal analysis were larger than those from the baseline only analysis. Specifically, for every 0.10 decrease in strength relative to body mass, over time, the risk of death increased 12% and 15% for women and men, respectively, even after adjustment for all baseline covariates. This HR is considerably more prominent than that of baseline weakness, because it represents a more efficient and precise use of longitudinal data from joint modeling (15) . These findings lend strong support to the growing body of literature revealing a link between muscle strength and risk of mortality.
We found that the predictive power of baseline NGS on survival was stronger for Mexican American women than for men. This result may be explained by how we operationalized strength as a normalized measure (ie, accounting for body mass), as opposed to using an absolute measure. The Foundation of the National Institute of Health (FNIH) Sarcopenia Project (12,26) compared relative versus absolute measures of grip strength and found that, although weakness was associated with slower walking speed, the use of a normalized measure of grip strength was more predictive of outcomes among women. In the FNIH study, obese women were more likely to be classified as weak using a normalized measure of grip strength and also had higher odds of slow walking speed compared with the absolute measure, which was more predictive for men. In our study, obesity was more prevalent in women than in men across all age groups. Thus, by accounting for body mass, NGS may have explained more variability in all-cause mortality for women than for men. However, it is also plausible that weakness or declines in muscular strength, relative to body mass, poses greater risk of mortality for women than men. Regardless, because there is substantial covariance between strength capacity and body mass, the normalization of individual-level strength to body mass is critical in improving sensitivity of cutoff values and screening efforts.
Interestingly, when stratified by sex, the longitudinal analyses revealed that declines in strength were strongly associated with mortality in both men and women. The results of this study have important implications for the long-term health of Mexican Americans. Strength loss has been linked to a host of negative health outcomes, including impaired physical functioning and incident disability (5). However, muscular atrophy and weakness are also closely linked with various cardiometabolic conditions, such as chronic hyperglycemia (27) , diabetes (28) , and the metabolic syndrome (3), particularly in those with advancing age. In a recent study by Norman and colleagues (29) , grip strength was independently associated with chronic inflammatory markers, even after adjusting for sociodemographic covariates. Because the elevated lifetime risk of cardiometabolic disease is highest among Hispanic men and women, at just more than 50% (18) , early screening and health promotion efforts are vital in reducing the burden of disease, incidence of comorbidities, and health care utilization in this population. The Centers for Medicare and Medicaid Services (CMS) Clinical Quality Measures, which specifies the recommended core measures for adult recipients of both Medicare and Medicaid, has not recommended the Notes: CI = confidence interval; HR = hazard ratio; NGS = normalized grip strength. *HR for every 0.10 (10%) decrement in NGS, between participants. **95% CIs for every 0.10 (10%) decrement in NGS, between participants.
assessment of muscle strength as part of their priority health care improvement goals. This has important implications given that 30% and 8% of Medicaid and Medicare recipients are Hispanic, respectively (30, 31) . Our findings underscore the potential value of grip strength measures for clinical screening. In recent findings from the PURE study, Leong and colleagues demonstrated that, among nearly 140,000 adults across 17 socioculturally and economically diverse countries, weak grip strength was an even stronger predictor of allcause and cardiovascular mortality than systolic blood pressure (6) . Yet, despite growing consensus that muscle strength and functional capacity are essential components of health and longevity (7, 32) , functional capacity is rarely assessed in the clinical setting. The use of multiple measurements of strength over time may offer a unique opportunity for screening to inform the timing of specific interventions, such as physical activity, strength training participation, and healthy body weight maintenance, prior to the onset of adverse health outcomes. Among older individuals, the decline in strength undergoes a steeper, more precipitous decline than muscle mass (33), so regular screening may be important to provide patients with feedback regarding risk.
We acknowledge that our study has several limitations. First, although these results highlight an important relationship between longitudinal grip strength trajectories and survival among Mexican Americans, our findings are not necessarily generalizable to other populations. Second, we cannot rule out time-varying confounding because baseline measurements of all covariates, with the exception of grip strength, were included in our final model. Whether declines in NGS "cause" an elevated risk for early mortality, or if incident disease processes (eg, diabetes) themselves, are a cause of diminished muscle function (ie, competing risks, as implied from the study by Kalyani and colleagues (27) ), is an interesting and complex topic. Indeed, we were unable to determine whether other competing risks or unmeasured confounding (ie, other risk factors [eg, smoking] or existing diseases [eg, cardiovascular disease]) may have influenced the observed survival trajectories. Third, as with any long-term, prospective study, loss to follow-up may have resulted in an underestimation of the true association if sicker individuals were more likely to drop out. Despite these limitations, this study has various strengths. Most notably, whereas previous studies looked at strength as a baseline risk exposure in traditional survival analyses, we used 18 years of longitudinal data to examine the association between grip strength trajectories and survival. Moreover, joint modeling procedures were incorporated for repeated measurement and time-to-event data, a novel analytic technique largely underutilized in clinical and epidemiologic research. Finally, we examined this research question within a Mexican American sample, the largest subgroup of Hispanics in the United States. By 2060, the Hispanic population is estimated to make up nearly 30% of the U.S. population (19) . Therefore, given the expected rise of this demographic group combined with the rapidly aging population, our results have important public health relevance for understanding future survival trajectories and for informing efforts to meaningfully intervene in preventing health disparities in this population.
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